. Increased V O 2 max with right-shifted Hb-O 2 dissociation curve at a constant O 2 delivery in dog muscle in situ. J. Appl. Physiol. 84(3): 995-1002, 1998.-If the diffusive component of O 2 transport in muscle is important in determining exercise capacity, an increased capillary-to-tissue PO 2 difference should enhance gas exchange from blood to skeletal muscle during exercise. Thus a rightward shift in the O 2 dissociation curve should theoretically increase O 2 extraction and improve maximal O 2 uptake (V O 2 max ). To test this hypothesis, we used the canine gastrocnemius muscle to study maximal exercise in eight dogs at a normal P 50 (33.1 Ϯ 0.4 Torr) and with the O 2 dissociation curve shifted to the right by an allosteric modifier of hemoglobin (Hb) (methylpropionic acid, RSR-13; P 50 ϭ 53.2 Ϯ 5.0 Torr). Four control dogs were also studied before and after infusion of vehicle. O 2 (100%) was inspired during exercise to maintain arterial saturation in both conditions. The muscle was surgically isolated and electrically stimulated (tetanic train: 0.2-ms stimuli for 200-ms duration at 50 Hz, once per s). To maintain O 2 delivery (pre-RSR-13 ϭ 19.1 Ϯ 2.9; RSR-13 ϭ 19.6 Ϯ 2.5 ml · 100 g Ϫ1 · min Ϫ1 ), the muscle was pump perfused. At a constant O 2 delivery, RSR-13 significantly increased percent O 2 extraction (pre-RSR-13 ϭ 61 Ϯ 4.0; RSR-13 ϭ 75.5 Ϯ 4.7) and muscle V O 2 max (pre-RSR-13 ϭ 11.8 Ϯ 2.1; RSR-13 ϭ 14.2 Ϯ 1.5 ml · 100 g Ϫ1 · min Ϫ1 ). This improvement in V O 2 max with increased P 50 demonstrates its O 2 supply dependence when P 50 is normal and the importance of O 2 diffusive transport to muscle at maximal exercise. oxygen affinity; exercise; diffusion; partial pressure of oxygen at 50% hemoglobin saturation; skeletal muscle; oxyhemoglobin; maximal oxygen uptake OXYGEN DELIVERY to skeletal muscle is dependent on the interaction between the convective transport of O 2 in blood and, once released from the hemoglobin (Hb) carrier molecule, its subsequent diffusion down an O 2 tension (PO 2 ) gradient to the mitochondria. Convective O 2 delivery is set by muscle blood flow (Q ) and arterial O 2 content (Ca O 2 ), whereas the diffusive component is determined by the magnitude of the PO 2 gradient from blood to the O 2 -consuming mitochondria and the physical conductance for O 2 of the pathway between them. The PO 2 gradient itself is the consequence of O 2 delivery, the affinity of Hb for O 2 , the muscle metabolic rate, and the O 2 conductance from blood to muscle (24, 30) .
OXYGEN DELIVERY to skeletal muscle is dependent on the interaction between the convective transport of O 2 in blood and, once released from the hemoglobin (Hb) carrier molecule, its subsequent diffusion down an O 2 tension (PO 2 ) gradient to the mitochondria. Convective O 2 delivery is set by muscle blood flow (Q ) and arterial O 2 content (Ca O 2 ), whereas the diffusive component is determined by the magnitude of the PO 2 gradient from blood to the O 2 -consuming mitochondria and the physical conductance for O 2 of the pathway between them. The PO 2 gradient itself is the consequence of O 2 delivery, the affinity of Hb for O 2 , the muscle metabolic rate, and the O 2 conductance from blood to muscle (24, 30) .
Thus the position of the O 2 dissociation curve (ODC), conveniently described by P 50 (PO 2 at which 50% Hb is saturated), has an important role in O 2 transport. Of course, variations in P 50 have ramifications not only in the periphery but also during O 2 loading in the lungs. A high P 50 opposes the association of O 2 in the lungs but favors its release to the tissues and vice versa. Thus, if arterial PO 2 is maintained to permit normal O 2 saturation, a right-shifted ODC may be advantageous during exercise conditions, since it allows Hb desaturation to occur at higher levels of mean capillary PO 2 (Pc O 2 ), increasing the PO 2 gradient and thus promoting a greater O 2 flux from capillary blood to skeletal muscle (25) . There is now considerable experimental evidence, collected in animal and human skeletal muscle, that indicates that O 2 conductance (Dm O 2 ), from blood to mitochondria, is an important determinant of maximal muscle O 2 uptake (V O 2 max ) (3, 18, 21, 29) . These data have recently been supported by evidence of a large difference in PO 2 between blood and the intracellular compartment in normal human muscle, as measured by myoglobin-associated PO 2 , across a wide range of exercise intensities (19) .
In the ongoing search to find methods to increase O 2 delivery to ischemic tissue, recent pharmaceutical developments have lead to the discovery of allosteric effectors of Hb-O 2 affinity, which are active in whole blood (17) . These allosteric effectors result in a similar right shift of the ODC to the naturally occurring erythrocyte allosteric effector 2,3-diphosphoglyceric acid (2,3-DPG), but they bind at a different site and so may produce an additive right shift in the ODC in the presence of 2,3-DPG. One compound of this series, 2-(4-5[(3,5-dimethylanilino)carbonyl]methyl6phenoxy)-2-methylpropionic acid (RSR-13), significantly increases the P 50 in vivo but has a lower affinity for serum albumin than the other compounds from this series and therefore may be the preferred allosteric effector to study clinically (1) .
It has previously been illustrated that in the presence of a right shift in the ODC produced by allosteric Hb-O 2 modifiers [with constant convective O 2 delivery and O 2 uptake (V O 2 )], venous PO 2 and tissue PO 2 are both increased (9, 32 
METHODS
Twelve adult mongrel dogs with a weight range of 14-26 kg were anesthetized with pentobarbital sodium (30 mg/kg) and kept under a suitable level of anesthesia by maintenance doses as required. The dogs were intubated with a cuffed endotracheal tube and were ventilated (Harvard 613) to maintain arterial PO 2 , PCO 2 , and pH in the normal range. Esophageal temperature was monitored by a thermistor and maintained at 36-38°C by heating pads.
Surgical preparation. The functional and vascular isolation of the left gastrocnemius-flexor digitorum superficialis muscle complex (referred to as gastrocnemius) was achieved as described previously (23) . In brief, a medial incision was made through the skin of the left hindlimb from the ankle to midthigh. The muscles that overlie the gastrocnemius (sartorius, gracilis, semitendinosus, and semimembranosus) were retracted from the field of view by doubly ligating and cutting between the ties. The arterial and venous circulation of the gastrocnemius was isolated by ligating all vessels from both the popliteal artery and vein and femoral vein, which were not directly connected to the gastrocnemius. The left popliteal vein, distal to the gastrocnemius, was cannulated, and the venous return from the muscle was diverted to the cannulated jugular vein. The right femoral artery was cannulated and connected to the left femoral artery, allowing the now isolated muscle to be perfused by blood from this contralateral artery. Perfusion of the isolated muscle was achieved by systemic pressure at rest and controlled by a roller pump (Cole-Palmer, Chicago, IL) during exercise periods. Muscle perfusion pressure was constantly monitored through a pressure transducer in this line, close to the head of the muscle. Systemic arterial blood pressure was also monitored continuously from a catheterized carotid artery. Heparin (150 U/kg) was given to the animals at the completion of the surgery. The left sciatic nerve, which innervates the gastrocnemius, was ligated and cut. To reduce the potential for cooling and drying, all exposed tissues were covered with saline-soaked gauze.
When surgically isolated, the Achilles tendon was attached to an isometric myograph (Interface Manufacturing, Scottsdale, AZ) to measure tension development. The hindlimb was fixed at the knee and ankle and attached to the myograph with struts to minimize movement. At the end of each experiment, weights were used to calibrate the tension myograph.
Isometric muscle contractions were elicited by electrical stimulation of the sciatic nerve (tetanic train: 6-8 V, 0.2-ms stimuli for 200-ms duration at 50 Hz, once per s). The muscle was stimulated in this fashion for 3-3.5 min. Before each contraction period, the resting muscle length was adjusted to achieve the greatest contractile response to a single stimulation. This ensured that the initial tension development was not affected by slippage in the system that may have occurred in the previous contraction period. Before each exercise period the blood supply to the isolated muscle was switched from self-perfusion to pump perfusion. Before the beginning of the contraction period, adequate time (2-3 min) was allowed for conditions to stabilize at a blood flow which matched those at rest with self-perfusion.
Experimental protocol. We studied the gastrocnemius electrically stimulated to elicit maximal exercise in eight dogs at a normal P 50 and then again with the ODC shifted to the right by the allosteric modifier of Hb (RSR-13, Allos Therapeutics). Before each exercise period, arterial and venous blood samples were analyzed at varied levels of inspired O 2 (12, 16, 21, 30 , and 100% O 2 ), and the data were used to calculate the P 50 and Hill coefficient (n) with the Hill equation. A preliminary series of studies in which we monitored the change in P 50 over time (to assess effect of half-life of RSR-13) indicated the validity of producing a single ODC from a series of blood samples when all samples were bracketed within a 10-to 15-min period. The dose of RSR-13 (100 mg/kg) was diluted in 100 ml of 0.9% NaCl and was infused over a 20-min period after the first exercise bout. Due to the reduction in arterial O 2 saturation produced by the rightward shift in the ODC, all dogs breathed 30% O 2 between contraction periods and 100% O 2 during each contraction sequence. This successfully maintained arterial O 2 saturation at Ն99.6% during exercise both before and after the P 50 change. O 2 delivery during each bout of exercise was kept constant by alterations in the blood flow to the maximally exercising isolated muscle as necessary. Due to the 1.5-to 2-h half-life of RSR-13, we were unable to produce the preferred balanced experimental design in which one-half the animals received the RSR-13 treatment first and normal Hb in the second exercise period. To address this potential ordering effect, we evaluated the effect of time and repeated exercise bouts on four control dogs that did not receive the RSR-13 but did experience exactly the same protocol (including a sham infusion of saline) and performed two exercise bouts over the same period of time as the RSR-13-treated animals.
Measurements. Duplicate arterial blood samples were taken from the carotid artery, and the venous samples were taken from the catheter extension of the popliteal vein, which ran to the jugular vein. Arterial and venous samples were drawn anaerobically during the last 20 s of each contraction. Arterial samples were analyzed immediately for PO 2 , PCO 2 , pH, O 2 saturation, and Hb concentration ([Hb]), to minimize the rapid fall in PO 2 commonly seen with a high PO 2 when breathing 100% O 2 . Venous samples, not prone to this problem, were placed on ice and analyzed after the arterial samples. Between taking of blood samples blood flow measurements of the venous outflow were made by both timed blood collections into a graduated cylinder and by an in-line ultrasonic flow probe (Transonic Systems). Both methods of measurement were in agreement within 1-4 ml/min; thus only the flow probe values are reported.
Blood Fig. 1 ). The Hill equation was then used to calculate the P 50 and n for each ODC in both the normal and right-shifted conditions. Before RSR-13 infusion, Pc O 2 was calculated by using a Bohr integration technique as described previously (26) . Briefly, with the recently substantiated assumption that, under normal P 50 conditions, mitochondrial PO 2 is close to zero at maximal exercise (19) , a numerical integration procedure was used to calculate the value of Dm O 2 , assumed constant along the capillary, that produces the measured femoral venous PO 2 , given the measured arterial PO 2 . This calculation also allowed an estimate of Pc O 2 as the average of all PO 2 values computed, at equal time intervals along the capillary from the arterial to the venous end, assuming the only explanation for O 2 remaining in the femoral venous blood is diffusion limitation of O 2 efflux from the muscle microcirculation. On the basis of previous studies that have recorded a substantially elevated intracellular PO 2 (although at rest) after the infusion of RSR-13 (9, 32) , it is probably inappropriate to attempt to calculate Dm O 2 or Pc O 2 after RSR-13, since the essential assumption of a low intracellular PO 2 may be no longer valid. However, for interpretation purposes, we have reported these calculated variables with the assumption that intracellular PO 2 is zero.
At the end of the experiment, both the exercised and contralateral gastrocnemius muscles were removed and weighed. The contralateral muscle weight was used to normalize variables to muscle mass, and the exercised muscle was weighed to indicate the amount of any edema that had resulted from the protocol.
Statistical analyses were performed on both the results in the RSR-13 and control data pre-and postinfusion by using paired t-tests and linear regression. The control animals were not compared statistically with the RSR-13 treatment group by experimental design, since this would have undermined the power of the paired statistical analyses and increased the number of animals required for the study. For the treatment group, the degrees of freedom were 7 and the controls 3 in all variables. A probability level of P Ͻ 0.05 was considered significant. Data are reported as means Ϯ SE.
RESULTS
The principal variables related to O 2 transport, gas exchange, and acid-base balance in the blood perfusing the muscles during the RSR-13 condition and the controls are presented in Tables 1 and 2 . The P 50 in the RSR-13-treated group increased from 33.1 Ϯ 0.4 Torr (similar to that seen in control animals) to 53.2 Ϯ 5.0 Torr. Despite this large right shift in the ODC, the elevated inspired O 2 concentration of 100% was sufficient to maintain the arterial Hb saturation level at Ն99.6 in the RSR-13-treated group. In both the control and RSR-13-treated animals, [Hb] was somewhat reduced in the second exercise bout. This was the combined result of bleeding due to the surgical intervention, blood sampling, and the volume of saline added through flushing sample lines and infusions. As a result of this fall in [Hb], Ca O 2 was reduced in the second exercise bout in all animals. However, by experimental design, O 2 delivery was matched in all pre-and postinfusion exercise bouts by increasing the pump controlled Q ( Table 2 , Fig. 2 ). Under these conditions of constant O 2 delivery, the control group showed no change in O 2 extraction or V O 2 max between the first and second exercise bout, whereas the RSR-13-treated group showed a significant increase in O 2 extraction (Table 2 , Fig. 3 ), resulting in a significant (20%) increase in V O 2 max (Table 2, Fig. 2 ). The administration of the RSR-13 produced a significant reduction in arterial blood pressure measured in the carotid artery, apparent in the second exercise bout in this group and not in the sham saline-infused control group ( Table 2) .
The average weight of the nonexercised gastrocnemius was 82 Ϯ 7 g and that of the surgically isolated and exercised muscle group was 95 Ϯ 6 g because of the increased filtration pressures in the vascular tree of this muscle during exercise. There was no difference in the average increase in muscle weight between the control and RSR-13-treated animals.
Because not all animals exhibited similar degrees of O 2 extraction at V O 2 max before the administration of RSR-13, we examined the relationship between the increase O 2 extraction at V O 2 max after RSR-13 and the percent O 2 extraction at V O 2 max before RSR-13 infusion (Fig. 4) . Onto this analysis, we placed the control animals that received the saline infusion. From this analysis, which indicates the effect of the infusion on extraction (limited by bounds of possible improvement: an animal with an initially high extraction has little room for improvement), we divided the group of eight RSR-13-treated dogs into five responders and three nonresponders. Among the five animals that did respond, we found a strong correlation (r 2 ϭ 0.72) between initial O 2 extraction and the effect that RSR-13 had on O 2 extraction. Thus, in animals with initially poor extraction, the right-shifted ODC greatly increased O 2 extraction, whereas in initially high extractors, there was little effect. For the remaining three of the RSR-13-treated animals, the response was not measurable and fell among the results of the sham saline-infused animals. In fact, the 95% confidence intervals constructed for each regression line support the grouping of the data in this manner, since the confidence intervals do not overlap and the nonresponders fall in the region of the control animals (Fig. 4) . 
DISCUSSION
The principal observation in this study is that, under conditions of constant convective arterial O 2 delivery, an increase in P 50 allowed exercising skeletal muscle to achieve a greater V O 2 max . This provides evidence that V O 2 max at a normal P 50 is not determined by mitochondrial metabolic limits but, rather, by O 2 supply: an increase in P 50 produces a steeper O 2 gradient (driving force) from capillary-to-tissue, providing more O 2 and allowing tissue V O 2 max to increase. This is of importance because it has been controversial as to whether V O 2 max during normal delivery conditions is limited by inadequate oxygenation of the mitochondria (8, 19 2 can rise to levels in excess of 32 Torr (at rest) after this Hb modification (9) and an inherent assumption of these calculated variables is that intracellular PO 2 is close to zero at maximal exercise (7, 26) . It is interesting to note that, after RSR-13 infusion, an estimate of intracellular PO 2 by using the Bohr integration technique (assuming same Dm O 2 as before RSR-13 infusion) indicated that tissue PO 2 may be as high as 24 Torr. However, if these variables are calculated by using the assumption that intracellular PO 2 is zero, they suggest that Pc O 2 was greatly elevated and Dm O 2 was significantly reduced. The unexpected change in Dm O 2 could be the result of either an incorrect assumption of the intracellular PO 2 or a vascular effect of the infusion of the RSR-13. The former is the most probable explanation. Due to the inability to calculate these variables with confidence after RSR-13, we have utilized venous PO 2 as our best approximation of end-capillary PO 2 (6) (Fig. 5) . Such a substitution of venous PO 2 for calculated Pc O 2 has previously produced qualitatively interchangeable conclusions about Dm O 2 (19) . This analysis suggests that there was an increase in V O 2 max and no substantial change in Dm O 2 (Fig. 5) .
Variable responses to right-shifted ODC. Although we have no information to explain why some animals demonstrated no response to the increase in P 50 while others did (Fig. 4) , we hypothesize that the dichotomy may be due to a differing dependence on diffusion of O 2 and offer two possible interpretations. First, if in the nonresponders, muscle O 2 shunts and heterogeneity (between local V O 2 and blood flow; rather than diffusion limitation) accounted for the residual O 2 in muscle venous blood at V O 2 max (15) , an increase in Pc O 2 would have no effect on V O 2 max or O 2 extraction (at a constant O 2 delivery). Second, the animals that did not respond to the increased P 50 may have already reached their mitochondrial metabolic limits of O 2 utilization before the administration of RSR-13. In this scenario, the increased intracellular availability of O 2 , due to the elevated blood to tissue PO 2 gradient, would not increase V O 2 max . An additional explanation for this varied response could be that the electrical stimulation was not sufficient in some animals to promote an increased V O 2 max despite the elevated O 2 availability. However, this is not probable, since this level of electrical stimulation has previously been demonstrated to elicit maximal work in many conditions (5) . It should be reiterated 4 . Variable responses to a rightward shift in O 2 dissociation curve. Note a strong inverse relationship between change in O 2 extraction after RSR-13 infusion and O 2 extraction pre-RSR-13 for 5 dogs, whereas 3 dogs responded no differently than saline-infused controls. Note that 1) 95% confidence intervals for regression lines through RSR-13-responsive animals and controls contain respective data (responders and controls ϩ nonresponders) and do not overlap, suggesting a legitimate division of data, and 2) this graph embodies certain mathematical restraints because it has a component of preinfusion values on both axes. However, it does illustrate concept of a maximal achievable O 2 extraction and that not all dogs moved toward this upper limit even when treated with RSR-13.
that, despite this differential response to RSR-13, statistical analyses of the data indicated increased O 2 extraction and V O 2 max in the RSR-13-treated group as a whole, not just in those we identify as responders.
Magnitude of V O 2 max increase. V O 2 max rose by 20% with an increase in P 50 from 33 to 53 Torr (Tables 1 and  2 , Fig. 2 ), similar in magnitude to the reduction reported by Hogan et al. (4) with a decrease in P 50 from 32 to 23 Torr (Ϫ17%). The increase in V O 2 max in the present study is predicted by a simple model of O 2 transport from the mouth to muscle mitochondria (28) (Fig. 6) . To calculate the estimated effect on V O 2 max of a change in P 50 , we utilized the present O 2 transport data and assumed no mitochondrial metabolic limit (thus intracellular PO 2 would be sufficiently close to zero to be ignored) and a constant muscle diffusing capacity. That the effect on V O 2 max per Torr change in P 50 was greater in the study by Hogan et al. may be explained by the hyperbolic nature of the increase in V O 2 max with increased P 50 . Although Fig. 6 shows the measured increase in V O 2 max after RSR-13 was predictable on the basis of diffusive transport, several other factors may be involved. One possibility is that the increase in O 2 availability with the increase in P 50 was relatively greater than the remaining mitochondrial metabolic reserve to consume O 2 . Another factor that may have played a role was that, due to blood loss, blood sampling, and saline administrations, [Hb] fell after RSR-13 to match O 2 delivery and Q had to be increased in the second exercise bout (Tables 1 and 2 ). The increased Q and consequent decrease in capillary transit time (20) may have attenuated the increase in V O 2 max with the elevated P 50 . However, this need to increase Q occurred in both RSR-13-treated and control animals, and the latter group did not demonstrate a significant decrease in V O 2 max . Finally, RSR-13, while producing a rapid and reproducible increase in the P 50 , achieved some of this effect by altering the cooperative binding properties of the Hb with O 2 (Fig. 1) . This was evidenced by a change in n from 2.8 Ϯ 0.03 in the preinfusion and control animals to 1.4 Ϯ 0.06 after the RSR-13 infusion, as reported previously (9, 14) . This change in cooperativity results in a flattening of the physiologically important steep section of the ODC, lessening the effect of the rightward shift. This too may have influenced the magnitude of change in V O 2 max for the increase in P 50 .
Here, it is also pertinent to note that, in addition to the work of Hogan et al. (4), Schumacker et al. (22) assessed the effect of a reduced P 50 (by sodium cyanate infusions) on exercise performance in dogs on a treadmill and found no effect on O 2 extraction and exercise performance. In this study (22) , because the animals were only minimally instrumented, it was not possible to control O 2 delivery to the exercising muscles at maximal exercise. However, Schumacker et al. (22) did demonstrate that, for the same O 2 delivery, less O 2 was extracted during exercise when the ODC was shifted to the left, consistent with the findings of Hogan et al. (4) and the present study, thus suggesting an important role of P 50 in determining O 2 extraction.
Hemodynamic changes due to right-shifted ODC. Mean arterial blood pressure was significantly reduced after the RSR-13 infusion, whereas it remained constant in the control animals ( Table 2 ). These findings are in agreement with the report of Kunert et al. (11) with RSR-13 infusion in the rat but are in contrast to the findings of Liard and Kunert (14) , who reported that, in dogs, RSR-13 caused an increase in total peripheral resistance modulated by a modest increase in mean arterial pressure and a significant decrease in cardiac output. It is not clear why systemic pressure was reduced in the present study, and since, cardiac output was not measured, it is not possible to calculate any changes in peripheral resistance. However, by using the present data, we can evaluate the effect of the right shift in the ODC on the hemodynamics in the exercising gastrocnemius muscle itself (Table 2) . Perfusion pressure was not different between contraction periods in RSR-13-treated or control groups, but vascular resistance was significantly decreased and conductance increased during the exercise after the RSR-13 infusion. It has previously been suggested that elevated levels of O 2 , as produced by a right-shifted ODC, would result in excess tissue PO 2 , which in turn would result in a vasoconstrictor response (13) . This has been experimentally documented in several studies at rest utilizing Hb modifiers (11, 12, 14) and supports the role of O 2 in the autoregulatory process. The present data illustrate the opposite response, and this may be because this study examined skeletal muscle during exercise, whereas previous studies have all been performed at rest. During exercise, the elevated mitochondrial metabolic demand may offset the effect of a high PO 2 on vascular conductance, diminishing the local autoregulatory signal to vasoconstrict.
In summary, RSR-13 infusion significantly increased P 50 and, at a constant arterial O 2 delivery, resulted in an increase in O 2 extraction and a consequent increase in muscle V O 2 max . This indicates, for the first time, that the canine gastrocnemius muscle is normally O 2 supply limited, even when the animal is breathing 100% O 2 . In addition, the increase in V O 2 max was proportional to the increase in venous PO 2 . Taken together, these findings support the concept that diffusion of O 2 between the erythrocyte and mitochondria plays a role in determining V O 2 max . In contrast to previous hemodynamic studies, which were performed at rest, RSR-13, despite increasing intravascular PO 2 , produced a fall in vascular resistance within the exercising muscle.
